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Abstract—A planar dual-polarized phased array is proposed 
for 5G cellular communications. The array has the properties of 
dual-polarization, wideband and quasi end-fire radiation, which is 
printed on one side of a single-layer substrate. The design contains 
two 8-element sub-arrays including horizontally polarized 
end-fire dipole antennas and vertically polarized end-fire periodic 
slot antennas, employed on the PCB ground plane of the 5G 
mobile platform. Both sub-arrays provide wide bandwidth to 
cover 28 and 38 GHz (promising 5G candidate bands). The -10 dB 
impedance bandwidth of the proposed CPW-fed dipole and slot 
antennas are 26.5-39.5 GHz and 27.1-45.5 GHz, respectively. 
Moreover, for -6 dB impedance bandwidth, these values could be 
more than 20 GHz (24.4-46.4 GHz for the dipole antenna) and 70 
GHz (22.3-95 GHz for the slot antenna). The fundamental 
characteristics of the proposed dual-polarized 5G antenna array 
in terms of the impedance bandwidth, realized gain, polarization, 
radiation pattern, and beam steering are investigated and good 
results are obtained. The clearance of the proposed dual-polarized 
5G antenna array is less than 4.5 mm which is sufficient for 
cellular applications.  
 
Index Terms—5G, broadband communications, end-fire 
antenna, dual polarization, handset antenna. 
I. INTRODUCTION 
OMPARED with existing networks, the next generation (5G) 
network is expected to provide significantly improved 
performance such as increased data rates due to the wider 
bandwidth it employs in millimeter-wave (mm-Wave) 
spectrum [1]-[2]. Different from the design of antennas for 4G, 
increasing the operating frequency would bring some 
challenges and considerations in the antenna design concepts 
for the 5G handset devices which need new techniques [3]-[5].  
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Since the mobile terminals are randomly oriented compared 
with the base stations, antenna arrays with dual-polarization are 
very desirable in future 5G millimeter-wave (mm-wave) 
cellular communications. Furthermore, dual-polarized antennas 
are possible to work as MIMO antennas to double the channel 
capacity [6]. Several designs of dual-polarized mm-wave 
antenna arrays have been reported in the [7]-[9]. However, few 
works with end-fire radiation patterns are introduced for 
mm-wave 5G mobile terminals [10]-[15]. In [10], a 
dual-polarized end-fire antenna array with a ring-slot is 
designed on a smartphone metal-frame for 28 GHz 5G 
applications. The antenna has a uni-planar configuration and 
exhibits narrow bandwidth (less than 1 GHz). Other designs of 
28 GHz phased array with narrow bandwidth and complex 
design configuration are presented in [11]-[12]. In [13]-[15], 
different designs of 60 GHz phased arrays with polarization 
diversity are reported for 5G smartphones. However, the 
antenna elements are formed in the multi-layer package 
schematic which needs careful consideration in terms of 
fabrication and feeding. Besides, these designs only cover 60 
GHz, but not 28 or 38 GHz 5G bands.  
Apart from the dual-polarization function, the bandwidth and 
size of the employed radiators would be challenging issues for 
future cellphone devices [16]-[17]. A wideband dual-polarized 
antenna end-fire radiation is proposed in [18] for mm-Wave 
MIMO terminals. However, the antenna size is big and is 
mainly designed for 36 GHz band. Another example of the 
wideband dual-polarized end-fire antenna is proposed in [19]. 
The antenna has been fed using a substrate integrated 
waveguide (SIW) feeding technique. As explained above, all 
these antennas either provide narrow impedance bandwidth or 
occupy large clearance with complex feeding structures. 
Inevitably, these antennas will encounter some trouble and 
inconvenience when the space for antennas is limited and also 
confront difficulty in fabrication which can increase the 
fabrication cost. This is mainly due to the required 
vertical-polarization function of the designs, which is 
challenging to achieve in a thin planar structure [20]. 
To overcome these drawbacks, we present here a compact 
planar dual-polarized antenna array with simple design 
procedure, quasi-end-fire radiation, and wideband for the 5G 
handset applications. To our best knowledge, this is the first 
time that the dual-polarized end-fire function is realized with a 
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planar structure printed on one side of a single-layer substrate, a 
unique feature that none of the reported designs have. A 
coplanar-waveguide (CPW) feeding technique is employed on 
the same layer of the antenna elements which is easy to 
fabricate and integration and can achieve wideband impedance 
matching [21]. Therefore, compared with the reported designs, 
the proposed antenna is low-cost and easy to fabricate. In the 
proposed configuration, eight elements of CPW-fed periodic 
slot antennas are etched on top of the mobile-phone PCB to 
form a vertically-polarized sub-array. In addition, another set of 
the linear sub-array including CPW-fed dipole radiators with 
horizontal end-fire radiation modes is used in the same area in 
the way of each radiator is employed between the periodic slot 
resonators. Since the slot antennas and dipole antennas are 
complementary elements, they could provide different 
(vertical/horizontal) polarization modes. Unlike most of the 
reported dual-polarized designs, the employed sub-arrays 
provide very wide bandwidth to cover the 5G bands of 28 GHz 
and 38 GHz. In addition, the overall dimension of the proposed 
antenna array is highly compact in size (or with small 
clearance, less than 4.5 mm) and suitable for 5G cellphone 
platforms.  
This paper is structured as follows: Schematic and design 
details of the proposed dual-polarized array are described in 
Section II. Section III will discuss the simulation results of the 
dual-polarized phased array in terms of its fundamental 
characteristics. The measurement results are provided and 
discussed in Section IV. The last Section will conclude this 
study. 
II. ANTENNA CONFIGURATION 
Figure 1 displays the schematic of the proposed wideband 
dual-polarized 5G antenna array. As illustrated, it is composed 
of two end-fire sub-arrays including a vertically polarized 
periodic slot sub-array and a horizontally polarized dipole 
sub-array, which are employed in the top side of a smartphone 
PCB. Unlike the reported designs, in the proposed 
dual-polarized smartphone array, the sub-arrays and ground 
plane have been etched on the same copper layer to ease of 
integration with the circuits of the 5G smartphone. 
The clearance of the proposed dual-polarized array can be 
reduced to 4.4 mm (see La in Fig. 1 (b)). A Rogers 5870 
substrate 1.575 mm thickness is used as the PCB substrate with 
the permittivity of 2.3. As shown in Fig. 1 (c), the antenna 
element of the horizontally polarized sub-array is composed of 
a driven element, an L-shaped feeding line, and the reflector 
ground plane. The feeding line can act as a balun for converting 
the unbalanced signal to the balanced signal, namely from the 
dominant mode of coplanar waveguide to the coplanar stripline 
mode [22]. It is an antenna producing end-fire radiation with 
horizontal polarization. The antenna element of the vertically 
polarized sub-array in Fig. 1 (d) is a periodic folded slot as the 
main framework with multiple connected rectangular slots with 
different sizes which act as resonators at different frequencies 
for bandwidth enhancement. The values of parameters for the 






     
                             (c)                                                           (d) 
Fig. 1.  Array antenna configurations: (a) mobile-terminal PCB, (b) the CPW-fed 
periodic slot sub-array and the CPW-fed dipole sub-array, (c) dipole array 
element, and (d) periodic slot array element. 
TABLE I 
PARAMETER VALUES OF THE PROPOSED DESIGN 
Parameter Wsub Lsub hsub Wa La X 
Value (mm) 120 65 1.575 54.6 4.4 0.2 
Parameter WS LS W L W1 L1 
Value (mm) 5.5 4 1.9 1.25 0.2 0.4 
Parameter W2 L2 W3 L3 W4 L4 
Value (mm) 1.7 0.45 1.9 0.85 2.1 0.35 
Parameter W5 L5 W6 L6 d X1 
Value (mm) 1.7 0.5 0.5 1.35 6.6 0.1 
 
 
Fig. 2. Phased array and feeding network architecture for the proposed antenna. 
Figure 2 plots a system architecture in which the 
dual-polarized antenna array can be applied. In order to have 
beam-steering function within wide scanning angles, it is 
required to employ 1×N configuration for the proposed 
sub-arrays. This might increase the complexity of the system 
but would improve the performance of the array which is 
suitable for point to point communications. The feeding 
network and beam steering function can be accomplished by 
employing cheap phase shifters, such as HMC933LP4E [24]. In 
addition, by using a switch, such as SP3T AlGaAs [25], the 
selection among the sub-arrays to excite the required 
polarization can be easily achieved. However, it is also possible 
to excite both sub-arrays simultaneously. In this case, two 




excitations are required. The broadband antenna elements of 
the smartphone should be considered as part of the front-end 
module and can be located close to the 5G RF transceiver and 
link directly to the radiofrequency integrated circuit (RFIC) 
chip [25]. 
III. SIMULATION RESULTS 
A. Horizontally Polarized End-fire Dipole Antenna Sub-array  
Figure 3 (a) illustrates the configuration of the 1×8 dipole 
antenna sub-array. The distance between the antenna elements 
(center-to-center) is 4.9 mm. As seen, like other CPW-fed 
antennas, the antenna feed-line is realized with the balun 
structure on the same copper layer. The antenna configuration 
consists of driven elements as radiators and the ground plane as 
the reflector. The calculated S-parameters of the sub-array are 
depicted in Fig. 3 (b). The proposed sub-array achieves a broad 
bandwidth of 26.5-39.5 GHz for S11≤-10 dB and 24.4-46.4 GHz 
for S11≤-6 dB, which covers the 5G bands (28/38 GHz). 







Fig. 3.  (a) Configuration and (b) S parameters of the dipole antenna array. 
 
The simulated fundamental radiation properties including 
the directivity, radiation, and total efficiencies of the array 
beams over the scanning angles at the center frequency (33 
GHz) are represented in Fig. 4. As seen, the proposed dipole 
antenna array achieves more than -0.5 dB (90%) radiation and 
total efficiencies over the scanning angles of 0°~75°. It is 
evident that the array provides sufficient directivity levels 
varying from 8.5 to 12 dBi. In addition, the sub-array provides a 
good end-fire realized gain at different angles. The cartesian 
realized gain results of the horizontally polarized sub-array at 
28 and 38 GHz are represented in Fig. 5. For the 28 GHz, the 
antenna gain is almost constant and more than 10 dBi for the 
scanning range of 0°~60°. However, as the distance between 
the elements is larger than λ/2, it is difficult to achieve high gain 
levels at the large scanning angles. It should be noticed that 
according to the 3rd generation partnership project (3GPP), the 
equivalent isotropically radiated power (EIRP) requirements at 
38 GHz is lower than those at 28 GHz. The reason is because 
the existence of the grating lobe at 38 GHz is expected if the 
array inter-element distance is determined by 28 GHz or lower 
frequencies. In addition, as long as the gain (or EIRP) aligns the 
requirement, the user equipment (UE) doesn’t need to acquire 
the grating lobe levels until now [26]. 
 
 






Fig. 5. Realized gain of the sub-array at (a) 28 GHz and (b) 38 GHz. 
B. Vertically Polarized Periodic Slot Antenna Sub-array  
Figure 6 (a) illustrates the configuration of the periodic slot 
antenna array with eight antenna elements. Each periodic slot 
array element is composed of rectangular-ring slots with 
different sizes connected together. Each rectangular slot could 
play as a resonator to change the antenna impedance matching 
and lead to bandwidth improvement. The S parameters of the 
sub-array are represented in Fig. 6 (b). As illustrated, the 
antenna elements provide very wide bandwidth in the 
mm-wave frequency range. Good impedance matching and 
high isolation characteristics are achieved for the sub-array. 
The worst coupling of the elements is <-25 dB within the 
operating bands. 








Fig. 6. (a) Periodic slot antenna array and its (b) S parameters. 
 
 
Fig. 7. Surface current distributions at (a) 30 GHz, (b) 40 GHz, (c) 50 GHz, (d) 
60 GHz, (e) 65 GHz, and (f) 75 GHz. 
 
The surface current distributions of the slot antenna at 
different frequencies are analyzed and illustrated in Fig. 7. It 
can be observed at the lower frequencies (especially at 30 GHz) 
the current concentrated around of the bigger rectangular slots. 
By increasing the operation frequency, as shown, the current 
flows more dominant around the small rectangular slots. All 
these are mainly because of the length of each radiator. As an 
example, it can be observed in Fig. 7 (f) that the current flows 
are fairly stronger at the upper slots while they are much weaker 
at the bigger slots, which reveals that each rectangular slot 
provides new resonance related to the radiator lengths. 
Accordingly, the impedance of the antenna changes at different 
frequencies due to the resonant function for the length of 
connected rectangular slot structures [27].  
The proposed planar periodic slot antennas are vertically 
polarized with the horizontal placement on the edge of a pure 
copper plate. This can be explained as follows: As we know, a 
periodic dipole antenna is horizontally polarized in the end-fire 
direction. The periodic slot antenna (designed in this paper) is a 
complementary structure of a periodic dipole antenna. 
According to Babinet's principle, the fields of the periodic slot 
antenna are similar to the periodic dipole antenna but their 
field’s components (electric and magnetic fields) are 
interchanged. Therefore, for a horizontal periodic slot antenna, 








Fig. 8. (a) E-field, (b) H-field, and (c) 2D polar radiation patterns of the single 
element slot antenna without and with the employed substrate. 




The quasi end-fire radiation patterns are obtained mainly due 
to the existence of the substrate loaded under one side of the 
copper layer. In order to understand the phenomenon behind 
this, the electric and magnetic (E & H) field distributions at 33 
GHz (central frequency) for the slot antenna element with and 
without substrate are illustrated in Figs. 8 (a) and (b), 
respectively. The cut planes for the vector E-field and H-field 
are placed between the copper-ground edge and the 
periodic-slot tip.  For the antenna without substrate, the E-fields 
(and H-fields) on both sides of the copper layer have the same 
amplitude but are out of phase. Therefore, as shown in Fig. 8 
(c), the radiation pattern would have a null due to the field 
cancelation in the exact end-fire direction (90o). By employing 
a thick substrate on one side of the copper plate, most of the 
field/energy is constrained in the substrate side. This leads to 
much stronger E- and H-fields in the copper layer side loaded 
by the substrate than those in the side without the dielectric,  
though the E-fields (and H-fields) on both sides are still out of 
phase. The field cancelation in the end-fire direction is 
suppressed, and thus the end-fire radiation is enhanced with 
vertical polarization, as shown in Fig. 8 (c). 
 
 
Fig. 9. Radiation patterns at (a) 30 GHz, (b) 40 GHz, (c) 50 GHz, (d) 60 GHz, 
(e) 65 GHz, and (f) 75 GHz. 
 
Figure 9 depicts the radiation patterns of the single element 
CPW-fed periodic slot antenna employed at the top of the 
mobile phone PCB for the frequency range of 30-80 GHz. It 
should be noted that the color scale of the figure’s label is 
non-linear (logarithmic). As can be found, the antenna provides 
quasi end-fire radiation patterns at different frequencies which 
is suitable for 5G mobile applications. Compared with other 
end-fire antennas such as Vivaldi, linearly-tapered slot antenna 
(LTSA), dipole, and Yagi antennas, the periodic slot antenna 
provides vertical polarization. This is the main advantage of the 
proposed design since it is difficult to achieve vertical 
polarization for the planar structures.  
The antenna elements of the proposed beam-steerable slot 
array exhibit sufficient efficiencies over its ultra-wide 
bandwidth. As can be observed from Fig. 10, the element 
achieves -2~-0.5 dB (60~90%) radiation and total efficiencies 
versus its frequency band. Furthermore, as seen, the antenna 
element provides a high maximum gain with a value of 4~7.5 
dBi over its operation band from 26.5 to 90 GHz. 
 
 




Fig. 11. Return loss characteristic of the slot element for different values of hsub.  
 
It should be noted that the reflection coefficient characteristic 
of the antenna element is almost insensitive for different values 
of the substrate thickness. Figure 11 illustrates the reflection 
coefficients of the slot antenna with the substrate thickness of 
0.8, 1.6, and 3.2 mm. The permittivity of the employed substrate 
is 2.3. As seen, there is no significant difference between the 
impedance matching of the antenna with different substrate 
thicknesses. However, in contrast with this characteristic, the 
radiation in end-fire is highly dependent on the substrate 
thickness. Based on the results in Fig. 12, the antenna array 




with a thicker substrate provides better end-fire radiation 
beams. As shown, the antenna with h=3.2 mm could provide 
much better end-fire beams in comparison with the antenna 
with a thinner substrate. So, a trade-off between the end-fire 
mode and PCB thickness is needed. For the proposed 5G array 
design, the thickness of the substrate is 1.575 mm. 
 
 
                             (a)                                                        (b) 
Fig. 12. Radiation beams of the slot array at (a) 28 GHz and (b) 38 GHz for 
different values of hsub.  
C. Radiation Performance of the Proposed Dual-Polarized 5G 
Antenna Array 
Figure 13 (a) depicts the configuration of the proposed planar 
dual-polarized array antenna. The design consists of two 
sub-arrays including 8-element CPW-fed dipole antennas with 
horizontally-polarized beams and vertically-polarized 
CPW-fed periodic slot antenna elements employed on the PCB 
ground plane of the 5G mobile platform. The distance between 
the vertically/horizontally polarized elements is 6.6 mm which 
is larger than λ/2 of the centre frequency of the operation band 
which might not be good enough for the large scanning 
purpose. This is mainly due to the dual-polarized function of 
the design in which unlike the single (linearly) polarized array, 
for the chosen d (element-to-element distance), instead of one 
element, two (slot/dipole) elements are placed. Reflection 
coefficient and mutual coupling characteristics of the CPW-fed 
dipole and slot antennas are represented in Fig. 13 (b). As 
shown, both antennas cover the 28 and 38 GHz 5G bands. In 
addition, the mutual coupling between two polarizations is less 





Fig. 13. (a) Configuration and (b) S-parameters of the proposed CPW-fed array.  
 
 
          (a)                                                          (b) 
Fig. 14. (a) Horizontally-polarized and (b) vertically-polarized radiation beams 
of the array at different frequencies. 
 
Figure 14 illustrates the horizontal and vertical polarized 
radiation beams of the array with realized gain values in 
2D-polar views. It can be observed that the periodic slot 
sub-array provides quasi end-fire radiation beams with vertical 
polarization, while the horizontally polarized radiation beams 
have been achieved by the dipole radiators. 




IV. MEASUREMENT RESULTS AND DISCUSSIONS 
The proposed 5G mobile-phone design has been properly 
fabricated and the characteristics of the antenna elements have 
been measured. Many challenges were faced during the 
fabrication and measurements of the proposed design. This can 
be mainly due to the compact size of the antenna radiators and 
also the employed feeding mechanism of the design. In order to 
measure the performances of the antenna elements, as shown in 
Fig. 15 (a), coaxial cables were used for the feeding (the 
inner-conductor of the coaxial cable is extended between the 
feeding points). The fabricated prototype of the proposed 
design is shown in Fig. 15 (b).  
 
 
          (a) 
 
(b) 




Fig. 16. Measured and simulated Snn results of the antenna elements. 
 
Figure 16 depicts the measured and simulated reflection 
coefficient (Snn) of the radiation elements located at the edge 
and middle of the proposed antenna array. A slight variation in 
the measured S-parameters of the prototype was confirmed 
which can be due to the connectors, feeding setup, and the large 
length of the employed cables. In addition, the antenna 
elements are highly miniaturized and the slot-gap for the 
radiators of the prototype is 0.05 mm. However, for S11≤-6 dB, 
sufficient results have been obtained to cover 28 and 38 GHz 
5G bands. The measured antenna elements provide a broad 
impedance bandwidth, covering the frequency range of 25 to 45 
GHz. It should be noted that in all the measured results, the 
losses from the cables and connectors are not included. The 
far-field radiation patterns of the single-element antennas at 
different frequencies have been also measured. Figure 17 
shows the measurement setup for antenna radiation patterns in 
the Anechoic Chamber. 
 
 
Fig. 17. Measurement setup for the radiation patterns. 
 
 
Fig. 18. Comparison of the measured and simulated radiation patterns of the 
dipole antenna element at, (a) 28 GHz, (b) 33 GHz, and (c) 36 GHz.  





Fig. 19. Comparison of the measured and simulated radiation patterns of the 
slot antenna element at, (a) 28 GHz, (b) 33 GHz, and (c) 36 GHz.  
 
Figures 18 and 19 illustrate and compare the measured and 
simulated 2D polar radiation patterns for the dipole and slot 
antenna elements, respectively. 28, 33, and 36 GHz were 
selected to cover the lower, middle, and upper frequencies of 
the operation bands. It should be noted due to the discordant 
measured radiation pattern of the dipole element in 38 GHz, the 
radiation pattern results at 36 GHz are discussed instead, for the 
upper frequency of both antenna elements. As illustrated, both 
antenna elements can provide quasi end-fire radiation patterns 
with good consistency at different frequencies. In the figures, 
all the scale numbers are placed on the right side of the 
corresponding grid circles for each subfigure. The dynamic 
range is from -25 to 5 dBi, where the number of -25  dBi will be 
on the origin and not marked in the figure. The radiation’s main 
direction ended in H-plane, as expected for end-fire modes. As 
seen, the shape of the radiation patterns in simulations and 
measurements is similar, especially in H-plane. Therefore, a 
generally good agreement is observed between the simulated 
and radiation patterns for both dipole and slot antenna elements 
in H and E planes. However, a slight discrepancy is seen in 
E-plane which could be due to possible sources errors discussed 
previously along with the mutual coupling effects of the 
adjacent elements, since the measurement and simulation 
setups of the proposed antenna were not exactly the same. 
Furthermore, as can be observed, the peak realized gain of 
the elements was around 5 dBi realized gain, especially at 28 
GHz. It has been slightly decreased as the frequency increased. 
V. CONCLUSION 
A new and compact design of a dual-polarized antenna array 
for mm-wave 5G cellular applications has been presented in 
this manuscript. The configuration of the proposed 
dual-polarized array structure contains two planar end-fire 
sub-arrays with different polarization (horizontal/vertical). 
Both of the sub-arrays can cover 28 and 38 GHz bands and 
provide sufficient properties in terms of impedance matching, 
gain, efficiency, directivity, and beam-coverage. The employed 
dual-polarized array has a compact size printed on one-layer of 
the substrate. These advantages make the proposed 
dual-polarized antenna array highly suitable for use in 5G 
mobile communications. 
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